Abstract-Electric power steering (EPS) systems are rapidly replacing existing traditional hydraulic power steering systems due to fuel and cost savings.
I. INTRODUCTION
N conventional electric power steering, the torque sensor is used to estimate the driver's torque; the motor torque is then controlled to follow this signal. This power steering assist makes the wheels easier to turn by having the motor deliver a large share of the steering effort. This motor torque is generated, typically using a PID scheme, by comparing the torque sensor signal with the motor current feedback signal, which is proportional to the motor electromagnetic torque. More advanced control techniques and algorithms can be applied to improve the road feel by reducing rough road torques felt by the driver using H 2 /H ∞ techniques, see [1] . Other techniques can improve return to center performance, and active dampening to reduce oversteer and understeer [2] .
Together with the brake system, the steering system is the most critical manner in which a vehicle is controlled by the driver, and thus must be maintained if all possible. Reliability can be improved by adding redundant sensors to those most probable to fail; in an industry such as the automotive industry, adding these features without adding any or much addition cost would be ideal. State estimators / "virtual sensors" can meet both these requirements [3] .
In [4] , 14 different faults are diagnosed in a DC motor drive with measurements of input voltage, speed, and current. The disadvantage for this scheme to extend to the EPS case is that the load torque must be known. Fault false alarms can be avoided by taking the non-linearity and disturbances into account using stochastically determined adaptive thresholds, as in [5] . Reference [6] summarizes the entire field of FDI and FTC, and identifies the critical issues.
Different estimation schemes can be used to estimate the same signal quantities. In [7] , a FTC control scheme is designed for a speed sensor fault in a DC motor drive system using sliding mode observers.
In [8] , the same is accomplished using H 2 /H ∞ techniques.
Reference [9] presents a detailed comparison between sliding mode, classical, and nonlinear extended Luenberger / Kalman observers for FDI.
As the EPS system interacts with the motor as well as the road tire dynamics, knowledge of the low frequency, aligning component of the road torque is significant as well. In [10], the vehicle tire slip is calculated from vehicle models and integration of accelerometer and gyroscope (yaw rate) signals.
Integrating these sensors causes drift overtime, which is eliminating by combining 5 Hz GPS (Global Positioning System) velocity/yaw signals using Kalman filters. This method is validated in a test vehicle. Reference [11] compares observer techniques for slip side estimation.
In [12] , the vehicle parameters (cornering stiffness and tire / road friction coefficient) key to the estimation of the aligning road torque are determined using information from a disturbance motor observer in a Steer-by-Wire system. This method could be extended to the EPS system when the torque sensor is operational, using the observer developed later. If the vehicle parameters are slowly varying, then they can be updated in real time, as in [13] .
The remainder of this paper is organized as follows: in Section II, methodologies are explored to estimate the total motor shaft torque and the low frequency road torque, which are combined into a FTC scheme tolerant to a torque sensor failure. A HIL simulation is presented to validate the concepts. In Section III, experimental specifics and results are presented, and in Section IV, these results are analyzed. Finally, Section V concludes the paper.
II. METHODOLOGY
The problem addressed is that of a torque sensor signal loss. The proposed method estimates the torque sensor signal T ts based on the torsion and road torque transmitted to the motor shaft; the motor and navigation signals utilized are relatively more reliable than T ts . A sensor failure is detected if the residual signal R ts exceeds a threshold K thresh and voltage signal loss conditions are met: t hresh where ts ts ts ts
In this case, the estimated signal replaces the faulty torque sensor as a command to the steering assist motor. 
A. Motor Model Based Torque Disturbance Observer
In principle, the torque sensor estimates the driver's instructional torque. This is accomplished by placing a torsion bar between the steering and pinion side shafts; the twist (difference between the angular positions) of the torsion bar is a lagging indication of the driver's torque.
This twist is converted to a voltage signal, scaled by the steering assist gain G, and input to a DC motor drive, see Fig 1. The EPS model is developed in [1] and shown below; the torque sensor and DC motor subsystem are highlighted.
The torsion torque (which the torque sensor measures), as well as road reaction torque, are reflected onto the motor shaft through the gearbox and pinion shaft.
Since measurements of the voltage and current are available with a standard EPS, the total motor load/disturbance torque T d can be obtained from knowledge of the motor model, as Section B will detail how to estimate the road reaction torque separately.
State estimation techniques can be applied to the motor model to determine T d . In principle, an observer uses a copy of the nominal plant model (DC motor) and input (terminal voltage V t ) to produce an estimate of the system states. These are corrected by comparing at least one measured output (motor armature current i a ) to its estimated value. This form of estimation is possible if the system is observable, which means there are sufficient measured states (sensors) and corresponding model independent differential equations to solve for the all of the system's states.
Classic Luenberger observer theory can be applied to a plant well described by linear differential equations with known inputs. Since the target is to estimate an input that is neither measurable nor predetermined, the theory can be extended by either considering T d an unknown input, or as a state variable. The later has superior performance [14] .
The motor subsystem equations and measurements determine what states can be effectively estimated. This model assumes a fixed field or permanent magnet DC motor (fixed flux constant, K). Neglecting magnetic saturation, the voltage drop across the brush/commutator interface (which is typically small), thermal and wear parameter variations (especially in effective resistance R a and inductance L a ) and dry friction on the motor shaft, the equations describing the motor's dynamic operation in the EPS system are linear with unmeasured inputs/disturbances (T ts , T road ):
where
Here the parameters represent the system's nominal values that will be used in the observer design, and the disturbances arising from variation between the actual motor parameters and nominal ones used by the observer are denoted ∆T p and ∆V p . These disturbances are tolerated by correcting the state estimates via motor current.
If T d is considered a state variable, some sort of assumption must be made about its behaviour, in order to describe its dynamics by ODE's. If T d varies much more slowly than the other system states, it is possible to assume T d is a state variable with 0 time rate:
in other words, it assumes the disturbance is varying slowly and independent of the motor dynamics.
In addition, the torque resulting from the rack and pinion inertia and viscous friction (J rp , B rp ) are considered part of the T d , such that the remaining total load torque is more constant.
This assumption about T d is realistic for this application, since the driver input is typically less than 5 Hz [15] , which is much slower than the motor torque dynamics, which are governed by the electric time constant L a /R a . As well, as shown in Table I below, the forces related to vehicle motion (the road reaction torque) are below 10 Hz; the torques due to other vibrations and road disturbances (which are random signals) are above this frequency. Taking into account only the current is measured in a DC motor drive in an EPS, eq. 2 can be written in state space form. To analyze the estimation error, it is assumed the actual motor and observer parameters are equal.
As the pair A,C is observable, the motor subsystem states can be estimated by the predictor/corrector structure:
The last term in eq. 5 is used as feedback to drive the estimation error (which is caused by parameter mismatch, unmodelled dynamics, noise, etc.) to 0.
The observer matrix filter gain L can be designed via pole placement, such that the error dynamics (eq. 4-eq. 5)
where e e e x x = − = − A LC (6) tend to 0 faster than the fastest motor dynamics (the rate of change of i a ). Relatively, just as in feedback control systems, the higher the observer gains, the faster the estimated states will converge to their actual values. Practically, however, the observer vector gain L cannot be made too large, as it will increase the observer's sensitivity to noise. In this work, the poles (eigenvalues λ) of (A-LC) are placed 3 times that of the frequency of the torque dynamics of the motor: 
This is a reasonable balance between noise sensitivity and the observer error approaching 0 quickly. So far, an observer has been designed that can estimate the total disturbance torque on the motor shaft. The question remains of how to estimate the road torque independently.
B. Road Reaction Torque Estimation
ABS, ESP (yaw control) and further algorithms (roll stability control) all require the INS (Inertial Navigation System) or similar sensors to measure the vehicle velocities and yaw rate. These INS signals are used to estimate the tire slip α. This tire slip, in the linear (stable handling) region of the tire lateral force F y vs. α curve [17], is proportional to low frequency, aligning component of the road torque, T align .(see Fig 2) . This is the torque that tends to turn the wheels back to center position, and is due the interaction between the road and tire surface.
Accelerometer and gyroscope measurements are integrated in the INS to obtain vehicle lateral V y and longitudinal V x velocities and yaw rate r. These signals, combined with the steering angle δ, provided by the motor shaft position through gear and steering ratios, n g and n s , are used to estimate the aligning moment: This analysis is based on the planar bicycle model, which has been used extensively for ground vehicle dynamics, see [8] [10] . The underlying assumptions are that the slip angles on the inside and outside wheels are small and identifiable, and the suspension roll has small effect. Additionally, this model assumes negligible lateral weight shift, roll and compliance steer while traveling on a smooth road.
The tire slip is calculated from the INS signals using the equations of Fig 9 derived 
C. Torque Sensor Fault Tolerance
All of the previous techniques were ultimately used to obtain an estimate of the torsion torque that is applied on the motor shaft T ts ; in this way, even if the torque sensor fails, this estimated signal can be used as an input to the steering assist motor instead.
An overall structure of this FTC is shown in Fig 3. This control scheme replaces the existing torque sensor based control (Fig 1) upon a fault being detected (per eq. 1). The torque sensor value for both fault detection and fault tolerance is estimated as: The motor model based observer delivers the net disturbance torque applied to the motor shaft T d ; an estimate of the road torque based on INS signals, the vehicle single track (bicycle) and linear tire models is used to subtract out the low frequency road torque T align= T road(low frequency).
The higher frequency, rough road torque, as well as the noise in the estimation schemes, is filtered out with a low pass filter, of 10 Hz, h LPF . The filter should be relatively sharp (high number of poles) to cutoff the higher frequency torques on the EPS assembly, see Table I . This preserves the driver's feel and road feedback information but removes the higher frequency components due to the rough road surface. Finally, the inertial and viscous friction torques due to the rack and pinion connection are subtracted out.
D. Hardware-in-the-Loop (HIL) Simulation
In order to realistically validate the ideas presented in this work, a HIL platform is constructed with an Opal RT™ realtime simulator, see Fig 4. This platform implements Simulink TM blocks into C code to run in real time. The platform is equipped with a PC with real-time OS, QNX, and I/O cards to interact with the physical hardware. The most significant hardware in this work is the steering assist motor subsystem of the EPS. One DC motor drive acts as this motor. Another motor is coupled to the EPS motor shaft and used as a dynamometer, which applies the vehicle dynamic torques onto the assist motor, to compensate for the load that is not physically connected to the EPS motor.
The torsion torque T ts , rack and pinion inertia/viscous friction T rp . and road torque dynamics T road are simulated in real time by running the EPS model in software and applying the calculated torques onto the EPS motor shaft via the dynamometer.
CarSim TM is utilized to provide a realistic road torque signal to input to both the simulated steering assembly, torque sensor dynamics, as well as to the EPS motor via the dynamometer.
To simulate conditions in typical road conditions, a moderate sized sedan under a flat road surface is considered for the results in this paper. The simulated pinion angle (which is equivalent the steering angle of a manual power steering system) is input to the CarSim TM Simulink Block. CarSim TM 's road (steering) torque output accounts primarily for the low frequency, aligning component only. To account for the randomness of the higher frequency rough road torque, it is generated from band-limited random white noise. As well, CarSim TM provides the yaw rate, lateral and longitudinal velocities of the vehicle being simulated, which are used in the road torque estimation.
The motor armature terminal voltage V t is controlled using an H-Bridge and PWM signal generator; see the motor drive of Fig 4. A current sense resistor is placed in between the motor armature low side transistor connection and ground, in order to measure i a . The direction of i a can be determined by the sign of the voltage applied; that is, knowing which transistors are currently being switched on.
The frequency of the voltage pulse width modulation f PWM is chosen to avoid excessive current spikes, which cause significant non-linearity and effect the observer outputs. This condition can be avoided by choosing:
This ensures that the PWM produces smooth current. T roughroad This is generated by setting the peak magnitude of white noise signal to 2 Nm (on the pinion axis).
f cutoff
The LPF cutoff frequency is set to 10 Hz. The filter order / # poles is 20, to produce a sharp filter.
K p , K i
PI torque control gains are tuned experimentally, setting the gains high enough to remove steady state error, obtain quick response, without causing ringing.
The motor parameters are measured using blocked rotor current, speed, and time constant measurements.
This value is approximated from the initial slope of the α vs. T align curve.
The fault tolerant scheme of Fig 3 is 
This condition is avoided by choosing the parameters marginally lower (10%) than those measured:
During motor operation, R a and L a increase due to brush wear and temperature effects. Hence, this oscillation is avoided when the motor is new and during its lifespan.
Three HIL simulation results will be compared: 1 st , a benchmark result, based on the normal EPS system as in Fig  1. The 2 nd presents the FTC scheme as in Fig 3. The 3 rd is the FTC scheme with observer motor model parameters P i purposely chosen lower to simulate a worn motor. In all cases, the input is a driver torque pulse of 5 seconds. This corresponds to the driver turning the steering wheel with a constant torque for 5 seconds and then releasing it. The output is the motor armature current, which is proportional to the steering assist torque. 
IV. ANALYSIS OF RESULTS
The following discussion is based on the results in Fig 5. In the normal controller case (black) the motor current (and thus the steering assist torque) follows the driver 0.2 Nm pulse command with no steady state error (due to the integral action of C 1 ). This is the performance the FTC scheme should attempt to match.
The 2 nd case, denoted by the medium grey trace of Fig 5, was simulated under the same operating conditions (Table  II) as the benchmark controller. Due to the uncertainty in the motor parameters (see eq. 2), there is approximately 15% steady state error in the torque sensor estimateˆt s T . This causes the 15% decrease in the motor current compared to the benchmark control system. The 3 rd case (light grey trace) simulates a worn motor, since in this case the physical motor parameters are approximately 30% larger than those used in the observer motor model. As shown, the system response is similar, albeit with more steady state error (a 0.2 A steady state value being the benchmark). This is reasonable performance for a fault tolerant controller in this application, since there would be little perceivable difference between normal and fault tolerant controllers to the driver, besides a marginal increase in driving effort required to turn the wheels.
V. CONCLUSIONS
An observer is designed to estimate the total disturbance torque on the motor axis. An independent estimate of the road torque is obtained from vehicle navigation signals and is removed in order to obtain the torsion torque.
This estimated torque is used as a command signal to the EPS motor in lieu of faulted torque sensor signal. A HIL simulation has been built to validate the ideas presented, showing the FTC scheme to have reasonable performance compared to the benchmark controller.
